An accurate description of the complicated shape of the potential energy surface (PES) and that of the highly excited vibration states is of crucial importance for various unsolved issues in the spectroscopy and dynamics of ozone and remains a challenge for the theory. In this work a new analytical representation is proposed for the PES of the ground electronic state of the ozone molecule in the range covering the main potential well and the transition state towards the dissociation. This model accounts for particular features specific to the ozone PES for large variations of nuclear displacements along the minimum energy path. The impact of the shape of the PES near the transition state (existence of the "reef structure") on vibration energy levels was studied for the first time. The major purpose of this work was to provide accurate theoretical predictions for ozone vibrational band centres at the energy range near the dissociation threshold, which would be helpful for understanding the very complicated high-resolution spectra and its analyses currently in progress. Extended ab initio electronic structure calculations were carried out enabling the determination of the parameters of a minimum energy path PES model resulting in a new set of theoretical vibrational levels of ozone. A comparison with recent high-resolution spectroscopic data on the vibrational levels gives the root-mean-square deviations below 1 cm −1 for ozone band centres up to 90% of the dissociation energy. New ab initio vibrational predictions represent a significant improvement with respect to all previously available calculations. © 2013 AIP Publishing LLC.
I. INTRODUCTION
During past decades the spectroscopy and dynamics of ozone has been the subject of numerous studies because of the well-known role this molecule plays in atmospheric physics and climate processes. Despite considerable advances in both experiment and modeling, several issues related to the ozone properties are still unresolved. 1 Ozone in its excited quantum states and the related processes of ozone recombination remain a puzzle for the fundamental molecular physics. One of the challenging problems is the interpretation of the anomalous isotope enrichment in atmospheric ozone which is linked to the formation reaction and thus to the molecular dynamics at the dissociation limit (see, e.g., Mauersberger et al., 2 Thiemens, 3 Hippler et al., 4 Janssen et al., 5 Gao and Marcus, 6, 7 Grebenshchikov and Schinke, 8 Dawes et al., 9 and references therein). For most molecules the isotope enrichment scales with relative mass differences, but the case of ozone shows extremely marked deviation from this rule as was observed in the troposphere, in the stratosphere, and also in laboratory experiments. a) Author to whom correspondence should be addressed. Electronic mail:
vladimir.tyuterev@univ-reims.fr. Telephone: +33 326913380.
The accurate determination of the 3D ozone potential energy surfaces (PES) is a prerequisite for both theoretical calculations of the complex kinetics of the formation, dissociation, energy transfer, and recombination of the ozone molecule [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] and for spectra analyses [12] [13] [14] [15] [16] [17] [18] [19] at high energy range approaching the dissociation threshold. The ozone molecule exhibits a complex electronic structure and represents a challenge for accurate ab initio calculations, hence we lack information for the understanding the unusual shape of the PES. The ground state PES of ozone has several potential minima separated by barriers. 1, [20] [21] [22] [23] The three lowest identical shallow wells of C 2V local symmetry correspond to nuclear permutations (open ozone structure with apex angle of ∼117
• and the equilibrium bond length ∼2.4 a.u.). The ring D 3h minimum 22 is located 0.3 eV above the O 2 ( 3 g − ) + O( 3 P) dissociation threshold and is thus less important for dynamical and spectroscopical applications.
Considerable effort has been devoted to the determination of PES in the X 1 A 1 ground electronic state by ab initio calculations [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] or by fitting to experimental rovibrational data. [36] [37] [38] Global 3D ozone surfaces designed for dynamical calculations have been constructed by Yamashita et al. 24 and more accurately by Siebert, Schinke, and Bittererova 20, 21 (the corresponding PES is usually referred to as SSB PES). The latter one has been built with spline interpolations of ab initio electronic energies on the extensive grid of 5000 nuclear configurations. The remaining questions concern the controversial issues related to the shape of the PES at the transition state (TS) and the underestimated value of the dissociation limit. Earlier ab initio calculations [20] [21] [22] [23] [24] [25] [26] [27] predicted an activation barrier at the entrance of the dissociation channel at r 1 ∼ 3.8-4.0 a.u. with the other bond length r 2 ∼ 2.28 a.u. close to the equilibrium bond length of the O 2 fragment with the apex angle θ ∼ 115
• -117
• close to the equilibrium value of the open ozone structure. Additionally, a shallow van der Waals (vdW) minimum along the dissociation reaction coordinate at r 1 ∼ 4.5-5.0 a.u. has been predicted.
Various 1D and 2D calculations at higher level of the electronic structure calculations have suggested that the minimum energy path (MEP) shape has a "reef"-like structure 29, 31, 32 with a submerged barrier below the dissociation limit. Following previous studies by Fleurat-Lessard et al. 32 this "reef" feature was incorporated into a so-called "hybrid PES" by Babikov et al. 10 by introducing a correction to the SSB PES 20, 21 with empirical adjustments to match the experimental dissociation energy. The modified SSB surface has been used to study the metastable states 10 and the van der Waals states. [39] [40] [41] Ab initio studies of the electronic ground state (GS) of ozone have been recently reviewed by Holka et al. 33 In addition, using 1D and 2D PES cuts near the transition state towards the dissociation, they also presented a detailed investigation of various ingredients of the electronic structure methods: role of size-consistency and relativistic corrections, as well as basis set effects including extrapolation to the complete basis set limit. Long range behavior of the potential has been discussed by Lepers et al. 34 Excited electronic ozone states have been considered in series of papers 30, [42] [43] [44] [45] and reviewed by Grebenshchikov et al. 46 The important impact of the barrier height and the depth of the vdW minimum on the dynamics of the formation and fragmentation of the excited ozone molecule have been discussed in several studies. 1, [8] [9] [10] [11] [39] [40] [41] All previous studies suggested that rate coefficient of the O + O 2 exchange reaction are very sensitive to the shape of the PES in the TS region 1 and one of the major obstacles in our understanding of the ozone kinetics is the lack of a quantitatively accurate PES. 9 Recently, Dawes et al. 9 have argued that an accurate account for several interacting electronic states in the TS region should result in a ground state potential function without the "reef" feature found in previous ab initio calculations. They have computed a 2D surface at the TS region by including 13 singlet states in a state averaged complete active space self-consistent field calculations and were able to derive the thermal rate constant for the exchange reaction using a quantum statistical model that showed a much better agreement with kinetic experimental data. They also concluded that exact quantum dynamics calculations require a full-dimensional PES.
The focus of our work is to obtain a realistic full dimensional ozone PES model in the range important for both spectroscopy and dynamics applications. This range of nuclear configurations involves the main C 2V potential well, and the transition states along the minimum energy path towards the dissociation. The primary aim is an accurate prediction of highly excited vibration states near the dissociation threshold. An access of these states would be crucial for checking the shape of the PES in the TS region and verifying quantummechanical nuclear motion calculations. 1, 8, 18, 19, 21, 36, 37 There are at least three important fields of applications, which could be considered in this context.
The first one concerns the analyses of high-resolution spectra in the range just below the dissociation energy using the very sensitive laser Cavity-Ring-Down-Spectroscopy (CRDS) measurements by Kassi and Campargue et al. 12, 13 These analyses are currently in progress, see works by Barbe et al. [14] [15] [16] [17] [18] [19] 48 Until recently, spectral analyses relied on empirical potentials. The most accurate empirical PES for the spectroscopic calculations near the open ozone configuration have been determined by Tyuterev et al. 36, 37 from the fit to experimental vibration-rotation data of 16 O 3 below 5800 cm −1 . This PES has been used for the assignment of CRDS spectra [13] [14] [15] [16] [17] [18] [19] of 16 O 3 and 18 O 3 and for the extrapolation towards highly excited vibrational states. 18 Calculations for spectroscopic applications and the vibrational assignment have been done by two complementary independent methods. One uses variational calculations in internal bond length-bond angle coordinates following Refs. 36, 37, and 47, the second one employed the method of high order Contact Transformations (CT) in normal coordinates [49] [50] [51] providing normal mode assignments for all bands. The band center predictions using this PES have been found accurate in average within 1 cm −1 both for 16 O 3 and 18 O 3 observations 13, 15, 19 up to 7000 cm −1 , but appeared considerably less reliable at higher energy range. This presumably happened because a simple Morse-cosine expansion was not the most appropriate one to describe the complicated shape of the PES at the TS range. Despite a significant progress [13] [14] [15] [16] [17] [18] [19] a substantial number of observed vibration-rotational lines have not yet been assigned, and numerous vibration states have been considered as "dark" states though the corresponding bands are symmetry allowed. Also, more accurate predictions for the metastable ro-vibrational states above the dissociation limit are required to find "doorway" state for the ozone dissociation from low-lying excited electronic states in order to make a reliable interpretation of broad features in observed absorption spectra (Mondelain et al. 18 ).
The second issue concerns a theoretical calculation of the coupling parameters for multiple anharmonic and Coriolis resonances which are very pronounced in ozone spectra. It has been recently shown 52 that this information derived from a PES via the CT method is useful for a reliable spectroscopic data reduction in the range around 3000 cm −1 . In this case again, an empirical PES 38 was used which was valid at moderate energies only. An extension of this promising approach to assign the complicated spectra near the dissociation threshold or to describe intensity borrowing effects in hybrid bands [53] [54] [55] [56] of asymmetric ozone isotopologues requires more accurate models for the 3D PES.
The third possible application is a prediction of cascades of radiative transitions for multi-photon laser experiments (in a similar way as was done for the water molecule 57 that allowed obtaining a wealth of new experimental data otherwise inaccessible) or for a correct account of non-local thermodynamic equilibrium effects 58, 59 in the modelling of emission and absorption properties of the middle and upper atmosphere.
In this work we propose a new analytical representation of the ozone PES in the range from the main well and along the MEP towards the dissociation, which could have certain advantages compared to spline-type procedures. It is expected to be more robust with respect to outliers (present due to convergence problems) in ab initio energies and for evaluation of PES derivatives, if the number of parameters is much less than the number of fitted points. On the other hand, it can be more easily converted to spectroscopic effective models using CT method [49] [50] [51] for ro-vibrational assignments and for the computation of coupling parameters. However, finding an appropriate analytical shape of the ozone PES is quite challenging. Apart from the above-mentioned issue concerning the possible reef structure at the TS, the shape of ozone PES possesses other peculiarities. Contrary to other triatomics such as H 2 O, the ozone fragmentation energy is not additive (Sec. IV), and the MEP is not rectilinear on the way from the equilibrium to the dissociation. Quite dense grid of ab initio points was necessary to investigate these features and to find an appropriate parameterisation.
The paper is structured as follows. In Sec. II extensive electronic structure calculations on a dense 3D grid of nuclear configurations are described. The impact of the complete basis set (CBS) extrapolation on vibration frequencies and the issues concerning the reef structure are discussed in Sec. III. The new analytical MEP model is described in Sec. IV while the fit to ab initio points is presented in Sec. V for two versions of the ozone PES: one with the reef structure on the MEP, and another without the reef structure using corrections due to the work of Dawes et al. 9 Section VI is devoted to variational and discrete-variable-representation (DVR) nuclear motion calculations. A comparison of predictions with experimental band centres derived from all available high-resolution spectra analyses is given in Secs. VII and VIII is devoted to the discussion of results.
II. AB INITIO ELECTRONIC STRUCTURE CALCULATIONS
Accurate ab initio prediction of the PES and molecular properties for small molecules helps resolving many issues related to the analyses of the spectra and much progress has been achieved in last years in this respect (see, for example, Refs. 60-75 and references therein, the list being not exhaustive).
Because of the complexity of the electronic structure, this still remains a formidable challenge in the case of ozone. While a multiconfigurational (MC) version of ab initio methods is always needed for bond dissociation, due to some near degeneracy occurring between the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) of ozone, MC description is necessary already near equilibrium. 23, 28 In addition, quantitative results on the PES can be hoped only if dynamic correlation effects [27] [28] [29] [30] [31] [32] [33] are also included. The latter can be accounted for by using multireference configuration interaction (MRCI) method (for a recent review see Ref. 76) or it size-consistency corrected variant, the multireference averaged quadratic coupled cluster (MR-AQCC) method by Szalay and Bartlett. 77 Using this type of methodology, it was possible to cover all vibration levels up to the dissociation limit with an accuracy of 1 or 2 cm −1 for the light molecule LiH. 70, 71 In the case of ozone further approximation needs to be introduced: it is possible to significantly reduce the computational requirements by using the so called "internally contracted" (ic) versions 78, 79 of multireference methods (for example ic-MRCI or ic-MR-AQCC), but one has to remember that the flexibility of the method is greatly compromised by this approximation. The absolute majority of ozone calculations so far used internal contraction. [20] [21] [22] [27] [28] [29] [30] [31] [32] [33] [34] [35] The most straightforward choice for reference space is a CAS (complete active space) where one selects the "most important" orbitals (active orbitals) and distributes the "most important" electrons (active electrons) among these. Technically, CAS is denoted by CAS(m,n), where m is number of active electrons and n is the number of active orbitals. From the chemical point of view, considering valence orbitals and electrons as "most important" is a well defined, unambiguous, and safe choice. Unfortunately, this often leads to too large ansätze and therefore some simplification is necessary. The reference space has two roles: (a) it defines the MCSCF (multiconfiguration wave function, often termed as CASSCF) used to obtain the orbitals and (b) it is used to generate the CI expansion space by applying singe and double replacements on it.
As of the basis for the molecular orbital, accurate calculations often use the hierarchical basis sets by Dunning, termed as correlation consistent basis sets (cc-pVXZ) 80 depending on the cardinal number X (= D, T, Q, 5, 6, . . . ). In addition, basis set extrapolation schemes are often used to speed-up convergence: the most popular extrapolation formula is based on an X −3 dependence of the complete basis set (CBS) energy on the cardinal number: 84, 85 
The cc-pVXZ basis can be augmented by diffuse functions (aug-cc-pVXZ sets; will be denoted by AVXZ in what follows) or by functions describing the core electrons (ccpCVXZ sets; denoted as CVXZ below). In case of ozone, sections of the PES have been calculated by Xantheas et al., 23 Banichevich et al., 25 Borowski et al., 26 Müller et al., 27 Xie et al., 28 who have studied open (C 2V ) and ring (D 3h ) structures as well as dissociation energy at various levels of the theory. A very significant progress in the ab initio calculations for a large range of internuclear distances for the ozone PES has been achieved by the group of Schinke and co-workers. 1, 20, 21, [30] [31] [32] For the construction of the most extended presently available global electronic ground states ozone PES Siebert et al. 20, 21 have used ic-MRCI method with CAS reference functions and quadruple zeta correlation consistent basis set (cc-pVQZ). 80 The complete active space used by Siebert et al. 20, 21 corresponds to CAS (12, 9) : that is 12 electrons in 9 orbitals including just the 2p orbitals of oxygen atoms. In the subsequent ic-MRCI calculations the 1s core electrons were not correlated.
Size-consistency error has been corrected by Davidson correction. 81 The key advantage of the resulting SSB global PES 20, 21 is that this surface covers nearly the entire range of nuclear configurations by using the spline interpolation obtained from a regular grid of ∼5000 ab initio points. This also provided correct values of vibration energies, at least for low and medium vibrational excitations. For this reason the SSB PES or somewhat modified versions of this PES 10, 32 have been used in most of studies on ozone dynamics. However, interpretations of current spectroscopic experiments on highly excited vibration-rotation states near the dissociation threshold [13] [14] [15] [16] [17] [18] [19] require more accurate 3D ab initio PES. One of the reasons is that the global, fully ab initio PES 20, 21 underestimated the GS dissociation limit by more than 800 cm −1 presumably because of insufficiency of the cc-pVQZ basis set. In addition it seems also be important that the TS range should be more thoroughly investigated. 9, 33 In this work we extended electronic structure calculations in line with our previous study. 33 A larger complete active space of orbitals was used and more than ten different versions of ab initio ansätze involving various electronic basis sets and calculation methods were tested. In most of the present calculations we used ic-MRCI method with augmented valence correlation consistent basis sets (AVXZ). In order to investigate the convergence of vibration frequencies with respect to the atomic basis set we computed 3D surfaces for cardinal numbers X = T, Q, 5, 6 that is for triple-, quadruple-, quintuple-, and sextuple zeta AVXZ sets. The size of these sets grows cubically with the cardinal number X. In case of X = 6 the contribution up to i-orbitals (l = 6) were included.
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The ic-MR-CISD electronic wave functions were built on the top of the CAS (18, 12) reference space, i.e., the active space consists of the 2s and 2p atomic orbitals of oxygen, and hence it is a full valence space. In the ansatz denoted as a1 the orbitals were obtained in the MCSCF procedure with the CAS (18, 12) space (CASSCF (18, 12) ); the three 1s orbitals are kept doubly occupied in this ansatz, but they are optimized. On the other hand, in the ansatz referred to as a5 a different procedure to obtain orbitals had to be adopted due to some instability issues at the TS and on the way to dissociation above r = 4 or 5 a.u. Here the orbitals were obtained in a two-step procedure: in the first step a CASSCF (12, 9) wave function was used with 2p orbitals active, while 1s and 2s orbitals double occupied but optimized. Using the resulting orbitals, a CASSCF (18, 12) calculation was performed with both 2s and 2p orbitals active, but 1s orbitals frozen, i.e., these core orbitals retain there form from the smaller CASSCF calculations. In both a1 and a5 ansätze dynamic correlation was considered by including all single and double excitations out of the CAS (18, 12) reference functions in an ic-MR-CISD procedure and the frozen core approximation was adopted. This resulted in up to about 26.7 × 10 6 configurations with the largest basis set.
In all of our calculations the CI energy was augmented by Davidson-type corrections 81 (+Q D ) in order to minimize the size-consistency error. For a validation we have also computed representative series of points with the ic-MR-AQCC method. 77 Within the main well the ic-MR-AQCC gave very similar results though it required nearly twice as much iterations to converge. Relativistic corrections were not included in our calculations because they were found to be small compared to other contributions which were necessary to account for. The reader is referred to Ref. 33 for a detailed discussion of various ab initio corrections and for the review of issues concerning electronic structure methods in case of the ozone ground state. All of the electronic structure calculations were carried out with the MOLPRO suite of ab initio programs. 83 In this work we essentially focus on two ranges of nuclear configurations. The first one is usually called "spectroscopically accessible region." By this we mean a volume of geometrical configuration space in the main C 2V potential well, which could be sampled by the rotation-vibration wave functions corresponding to transitions observed by the available spectroscopic experiments. To cover this range we generated a dense grid of configurations for ansatz a1 with the distances varied from 1.8 to 4.5 a.u. and the angles from 94
• to 145
• . The grid step size was not regular with respect to nuclear displacements but was chosen according to the energy change: near the equilibrium, up to E-E 0 < 5000 cm −1 we used in average r = 0.05 a.u. and θ = 2
• , whereas the step increased to r = 0.1 a.u. and θ = 5
• up to E-E 0 < 14 000 cm −1 and to r = 0.2 a.u. for r >3 a.u. (here E 0 is the energy at the reference nuclear configuration r 1 = r 2 = 2.4 a.u., θ = 117
• ). In addition, we computed sparser series for θ from 70
• to 175
• . The most representative PES in this first range corresponds to 1950 nuclear configurations computed with the ic-MRCI based on a1 ansatz using AV5Z basis. The second range covers the nuclear configurations around the MEP from the main C 2V well towards TS and continuing to dissociation (up to R = 12 a.u.). In this range we computed the PES at about 1800 points with the ic-MRCI based on a5 ansatz using again the AV5Z basis set.
In order to study the dependence of the PES on cardinal number X of the basis and to extrapolate the PES to the CBS limit both in the main potential well and in the dissociation channel, we also calculated electronic energies with AVTZ, AVQZ, and AV6Z basis sets on sparser grids of 1050, 1050, and 690 points, respectively, for the above-mentioned two regions. A 3D comparison of the results obtained with AV5Z and AV6Z basis sets is shown in Figure 1 . Calculations with X = 6 (right-hand side) are more demanding and thus sample a sparser grid than that of X = 5 (left-hand side). The panels p1, p2 correspond to the range near the main equilibrium up to 5000 cm −1 , where we have eight times denser grid computed at the AV5Z level compared to previously available 3D SSB calculations 20, 21 at the cc-pVQZ level. The panels p3 and p4 correspond to the ab initio calculations at the TS range, and the panels p5 and p6 to the PES points up to 14 000 cm −1 .
III. DEPENDENCE OF HARMONIC FREQUENCIES ON THE CARDINAL NUMBER AND THE PES SHAPE AT THE TS TOWARDS THE DISSOCIATION
Using the calculated ab initio energies we computed, as a first step, the harmonic vibration frequencies ω i of 16 O 3 for various cardinal numbers of the electronic basis set (X = T, Q, 5, 6) and also for the CBS limit. For the latter we have FIG. 1. Ab initio electronic ground state energies of the ozone molecule in 4D representation illustrating the grid density of nuclear geometrical configurations for our AV5Z and AV6Z calculations. The calculations are essentially focused on the main potential well and on the way towards the dissociation transition state. Left-hand side corresponds to X = 5 and right-hand side to X = 6 AVXZ calculations. Horizontal axes correspond to bond lengths r 1 and r 2 (in a.u.), vertical axe to the apex angle (in degrees), and the scale of the electronic energy E-E 0 (in cm −1 ) is given in color. extrapolated electronic energies obtained by ansatz a1 with AVQZ, AV5Z, and AV6Z basis sets on a common grid using the X −3 two-point extrapolation formula 84, 85 (1). First, the points calculated with the different basis sets, as well as the extrapolated ones were fitted with a standard polynomial PES model in bond lengths-bond angle displacements near the C 2V equilibrium configuration, then from the resulting force constants we obtained the forms and harmonic frequencies of the normal mode vibrations using the GF Wilson formalism. 86 The primary fit shows that our ab initio values in the main well obtained with ansatz a1 fit the surface very smoothly: the root-mean-square (RMS) deviation was only 0.004 cm −1 up to E-E 0 < 5300 cm −1 with the number of parameters much less (by an order of magnitude) than the number of points. This was not always the case: for other ansätze which we also tested, the scatter of ab initio values could result in a much more erratic behaviour. For this reason we have chosen the a1 scheme for the spectroscopically accessible range of nuclear configurations where the accuracy requirements are the most important. In order to check the stability of the force constants, we have tested the fits with higher energy cut-off of 7500 cm −1 and with two orders of the PES polynomial, o6 and o8. Harmonic vibrational frequencies were very robust with respect to these changes and thus their behaviour with increasing X could be reliably established. The corresponding values are given in Table I The ω i values for sextulplet-zeta and CBS level of the theory are obtained here for the first time. It is assuring that (Q,5), (Q,6), and (5,6) extrapolations are very close on this scale. The ab initio values are compared with the harmonic frequencies of an empirical PES which has been obtained through a simultaneous fit to experimental vibration-rotation energy levels of six ozone isotopic species 38 that was an improvement with respect to the previous work. 87 This PES was the most precise one for rotational calculations as well as for vibrations at low energies resulting in a RMS deviation of 0.02 cm −1 for E < 3800 cm −1 , and 0.12 cm −1 for E < 4500 cm −1 above the zero point energy (ZPE) for isotopic data available at that time.
The bending frequency ω 2 has been underestimated in all previous ab initio calculations because the bending cut of the PES was too shallow both at cc-pVQZ 21 and AV5Z 33 levels of calculations as already noticed in our previous work. 33 This is also seen in Figure 2 : the results indicate though that this issue might be solved if the PES is computed with X = 6 or by using CBS extrapolation. On the other hand, the behaviour of stretching frequencies ω 1 and ω 3 looks puzzling as the plots of Figures 2(b) and 2(c) suggest that the quality of vibrational predictions would drastically deteriorate with increasing cardinal number (X = 6) and at the CBS limit. The CBS(5,6) extrapolation overestimates ω 3 by ∼11 cm −1 , consequently the expected error for 7-or 8-quanta bands, which (Table I). are currently under study, [16] [17] [18] [19] would amount up to about 80 cm −1 . This would make such predictions completely useless for high-resolution spectral analyses.
The explanation of this unexpected behaviour of the stretching modes is not trivial. For example, this cannot be explained by missing energy contributions: a qualitative estimation for core-valence contributions accounted for in our previous study 33 gives even higher frequencies; relativistic effects are too small compared to this error; the spin-orbit coupling in the O atom fragment at the dissociation could not significantly affect the vibrational states in the main ozone well; the BornOppenheimer breakdown effects are not expected to be that large for this relatively heavy molecule: preliminary estimations of the diagonal Born-Oppenheimer corrections (DBOC) gave the contributions to fundamental vibrations much below one wavenumber. In our opinion, the key to the understanding might be found in the X dependence of three quantities: the ω 1 , ω 3 frequencies on the one hand and the f rr force constant (defined as the second PES derivative at the equilibrium with respect to the bond length f rr = (∂ 2 U/∂r 2 ) e /2) and the height of the reef barrier (denoted as (B) in Table I and in Figure 3 ) on the other hand. The dissociation threshold D(X) gradually increases with X approaching the experimental value of 9219 cm −1 (Rusic et al. 88, 89 ), the trend being known from all previous studies. [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] The absolute value of the reef barrier (measured from the E 0 in the bottom of the C 2v well and denoted as (B) in Table I and in Figure 3 ) remains below the dissociation limit (B < D) but increases as well, at least in case of calculations with internally contracted methods and using orbitals obtained for one electronic state only. Note that the plot in Figure 3 for B(X) computed at ic-MRCI/AVXZ level is fully consistent with ic-MRAQCC/CVXZ calculations (Table IV of Ref. 33 ). The increasing B(X) value causes that the stretching cut of the PES U(r, r e , θ e ) becomes more and more tight. This is clearly seen on the behaviour of the stretching force constant f rr (X) in Table I . Consequently ω 1 (X) and ω 3 (X) increase as well becoming much larger than acceptable in case of X > 5. This finding suggests that in a PES producing good stretching vibrations the reef barrier should be much lower or even fully vanish.
The existence of the ozone TS barrier has been questioned in many previous ab initio works. 9, 29, [31] [32] [33] Let us remind that in earlier studies the TS barrier was considered as a true barrier above D e , but with improving methods and basis sets it has been found (Hernandez-Lamoneda et al., 29 Siebert et al., 20, 21 Fleurat-Lessard et al. 32 ) that B submerged below D e . Note that in our calculations with a large CAS (18, 12) and with AVXZ basis B was below D e already with triple (X = T) and quadruple (X = Q) basis. However even this reef barrier prevented one from consistent kinetic calculations. Schinke et al. 1 have concluded that only a PES with an artificially removed reef barrier yielded reasonable agreement with experimental rate coefficient. This conclusion is now augmented by our finding that relatively high B value also prevents agreement for vibrational levels. This latter issue has not been evidenced in previous studies because available 3D PESs were calculated with insufficiently large basis sets.
A legitimate question is then: would this reef TS structure survive with improving the electronic structure theory or would it disappear? There are at least two strong arguments in favour of the latter choice. Recently, Dawes et al. 9 investigated how the inclusion of several electronic states in the ic-MRCI procedure influences the calculated ground state PES, in particular near TS. They have considered 13 singlet electronic states potentially relevant for the adiabatic dissociation of ozone in the C s symmetry. Their calculations differed in two ways form earlier calculations. First, in the CASSCF step all 13 states have been included in the state averaging (SA) through dynamic-weighting (DW-CASSCF) 90 resulting in appropriate orbitals for all regions of the PES. Second, in the ic-MRCI procedure the two lowest states of these 13 have been included as reference functions allowing a more proper description of the interacting states at the avoided crossing region. Using this ansatz, they have reported ic-MRCI+Q D results along the MEP near the TS. These calculations resulted in a monotonically decaying MEP function while shortening the dissociation coordinate and "the disappearance of the 'reef' structure was attributed primarily to including the ten upper states in the DW-SA-CASSCF reference, which smoothes the transition through the region of the avoided crossing." 9 As these calculations are quite demanding, only 2D PES based on AVTZ and AVQZ basis sets along with (T,Q) extrapolation was reported 9 and the discussion was limited to the TS range. After having applied an approximate quantum statistical model, Dawes et al. 9 have concluded that the absence of this submerged barrier would have important implications for kinetics bringing rate constants into a much better agreement with experimental data and that exact quantum dynamics calculations would require a full-dimensional PES.
The other hint comes from the calculations of Müller et al.:
91 performing non-contracted MRCI calculations they have found that the reef structure could be an artefact of internally contracted ansatz. This is consistent with Dawes' results discussed above since including a second state as reference in the ic-MRCI ansatz its flexibility is increased, the interaction of these two can serve as a proper basis in the avoided crossing region. A non-internally contracted ansatz includes this (and other) interaction by construction. Unfortunately, FIG. 4 . 1D r 1 -cuts of two PES versions with r 2 = 2.28 a.u. and θ = 117 • . Magenta-dots and green-diamond points refer to icMR-CISD+Q D ab initio calculations with a1 and a5 ansätze correspondingly; the range r ∼ 4.5-5.5 a.u. corresponds to a1/a5 smoothing (see the text). Panels (a and b): Dashed curve for R_PES with reef structure (one electronic state optimisation). Panels (c and d): Continuous curve for NR_PES without reef structure. The latter is removed using the 1D MEP correction due to Dawes et al. 9 accounting for two reference functions in the ic-MRCI calculations along with orbitals from full-valence 13-state DWSA-CASSCF. Panels (e and f): Comparison of R_PES and NR_PES at the TS range. The fit of these two PES versions to ab initio points is described in Sec. V. the non-contracted MRCI calculations are extremely demanding and the results with sufficiently large basis set are not available.
We have decided to build two versions of PES using our best ab initio results as discussed in the forthcoming Sec. V. The first one is built with a reasonable value of B keeping the reef structure, which, in what follows, will be referred to as R_PES ("reef PES"). Another one is built by applying 2D stretching correction obtained from Dawes' calculations, which will be referred to as NR_PES ("no reef PES"). A 1D comparison of these two versions of ab initio PES along the MEP cut is given in Figures 4(a)-4(f) . It is seen that NR_PES has shallower stretching cut. The 3D version of these PESs combining best available ab initio results constructed in Secs. IV and V are subsequently used for vibrational predictions and compared with experimental spectroscopic data in Secs. VI and VII.
IV. ANALYTICAL REPRESENTATION OF THE PES: MINIMUM ENERGY PATH MODEL
A 3D spline PES interpolation has well-known advantages and limitations. An obvious advantage is a possibility of representing complicated shapes of global surfaces. However, a reliable 3D spline interpolation requires filling the entire nuclear configuration space by a grid of ab initio points even in ranges which are of no use for spectroscopy or for dynamics. Also, this method is very sensitive to outliers due to possible poorly converged points. A physically justified analytical PES representation should be in a sense more robust. This also allows a more flexible choice of the grid by increasing the density of points in the ranges important for spectroscopy applications as shown in Figure 1 .
Various analytical PES representations for triatomic molecules are widely used in the literature: see, for example, Murrell et al., 92 Braams and Bowman, 95 and references therein. Some of them were applied to the ozone PES. [36] [37] [38] [96] [97] [98] Carter et al., 96 Varandas et al., 97, 98 and Murrell et al. 92 introduced empirical corrections to the ozone potential surface to account for scattering and kinetic rate data. Ayouz and Babikov 35 have recently applied permutationally invariant polynomial method 95 to fit ozone PES with a more realistic D e limit than in the original work of Siebert et al., 20, 21 but their vibrational predictions were much less accurate. Up to recently the most accurate vibration-rotation calculations has been provided with empirically fitted (morse) × (cosine) type analytical PES parameterization [36] [37] [38] which had been used for analyses of experimental spectra [13] [14] [15] [16] [17] [18] [19] and for the predictions of methastable doorway states. 18 This latter representation gave quite accurate band centers 13, 15, 19 up to 7000 cm −1 with an average error of ∼1 cm −1 , but extrapolation to higher energies were less reliable 16, 19 presumably because this analytical form was not flexible enough for describing the shape of the PES at large internuclear distances.
As already mentioned in the Introduction the shape of the ozone PES is particularly complicated. In addition to the specific features in the bottleneck TS range discussed in Refs. 9, 20, 21, and 31-33 and in Sec. III, the ozone PES has some more peculiarities. Here we mention one which is not necessarily exclusive feature of ozone, but absolutely necessary to consider to obtain a correct PES. Contrary to the case of many other triatomics like water molecule, the ozone PES does not have an additivity property with respect to the molecular fragmentation: in order to break one bond, one needs about 1 eV and of course the same energy to break another bond, but for breaking both bonds one needs more than 5 eV. This is because the molecular oxygen O 2 has much more profound potential well than the ozone molecule, i.e., the bond in O 2 is much stronger than the one in ozone. This means that there is a great deal of rearrangement of electron pairs what requires multireference description. As a result r e (O-O) value is shrinking down from 2.4 a.u. (ozone) to 2.28 a.u. (diatomic oxygen) when one oxygen atom is taken off. Therefore, the ozone MEP is significantly nonlinear near the C 2V open structure (nuclear equilibrium configuration) and cannot be modeled by a standard Morse approximation for the "plane" O-O stretching PES cut; the latter would overestimate the dissociation energy by about 950 cm −1 that represents a huge error. Consequently, for example, the PES model of Partridge and Schwenke, 60 which was very successful for the water molecule, would not be directly applicable for the ozone without appropriate modifications.
In this work we propose a new analytical model for the ozone PES which aims at accounting for the above-mentioned features. This representation is limited to the range which is essential for spectroscopy and dynamics applications: in the vicinity of the main open structure equilibrium and along the minimum energy path towards the dissociation. As was argued in Ref. 36 , in order to relate the global potential surface with such an effective potential function, it is convenient to divide the entire vibrational coordinate space r 1 , r 2 , r 3 into three sectors:
In the present work, we assume that the potential energy barriers between different C 2V minima, and between each C 2V minimum and the possible metastable ring structure minimum with r 1 = r 2 = r 3 , are sufficiently high to be insuperable on the time scale of the experiments with which we are concerned. This assumption is supported by previous global ab initio PES calculations 20, 21, 23 and by the fact that all available experimental data can be interpreted in terms of asymmetric top effective Hamiltonians which is consistent with one C 2V structure for the molecule. We disregard here a ring ozone structure 22, 23 which should not be relevant to spectroscopic and dynamic studies of ozone in gas phase under presently accessible experimental conditions.
Our analytical representation in the (s3) sector of the nuclear configuration space is built in several steps and can be schematically written as follows:
where the S(r 1 , r 2 ) and h(r 1 , r 2 ) functions represent the stretching "skeleton" of the PES in the considered range. The first term
is an expansion in modified curvilinear Morse-type yfunctions. Contrary to a usual Morse-type expansion form 93,60 our y-functions are not "plane" [99] [100] [101] for a numerical MEP determination on a given PES. Our aim here is different: we are looking for an analytical approximation S(r 1 , r 2 ) having qualitatively correct asymptotics, the fine tuning of the surface shape will be accounted for by other terms of Eq. (3). For this purpose we proceed in two steps. At the first step the r min 2 = μ(r 1 ) function is evaluated by a simple "drag" MEP method 99 along the bond length coordinate r 1 in the r 1 /r 2 plane: for every fixed r 1 value the PES cuts along r 2 were minimised as illustrated in Figure 5 . In our model the corresponding non-symmetrized path is approximated by the following function
which accounts for the shrinking of the bond length (d mep ) of the O-O diatomic fragment on the way to the dissociation. The g mep parameter defines the slop of the MEP curve in the equilibrium. This function satisfies conditions (6) but does not coincide with a true MEP for r < r 0 (dashed curve in Figure 6 ). This is not a problem because in the r < r 0 range the bond length is no more a dissociation coordinates and also because at the second step the symmetrisation in Eq. (4) provides a physically correct MEP (solid curve in Figure 6 ) for the S(r 1 , r 2 ) surface invariant under the r 1 → ← r 2 permutation.
In order to illustrate this property let us compare the model ( (4)- (7)) with a standard 2D Morse type stretching expansion. The usual 1D Morse oscillator potential U Morse (r) = D e y 2 (r) is conveniently expressed via the standard exponential function y(r) = 1 − exp (−a(r − r 0 ))). The 2D Morse oscillator U Morse (r 1 , r 2 ) = D e (y 2 (r 1 ) + y 2 (r 2 )) would have an additive property min {U(r 1 → ∞, r 2 )} + min {U(r 1 , r 2 → ∞)} = U(r 1 → ∞, r 2 → ∞) with respect to oneparticle and two-particles fragmentations which is not the case of the ozone molecule. To account for this non-additivity property, the products of y(r 1 ) and y(r 2 )functions could be added to cast the model in the form (4). Let us consider a simple case of Eq. (4) where all i, j powers are even, K ij > 0 and y 1 and y 2 are replaced by the standard Morse 1D functions. Such a model would have the 2D minimum in (r 0 , r 0 ) but in the dissociation channels the PES cuts orthogonal to the dissociation coordinate r 1 would also have a minimum at r 2 = r 0 . This is not correct for the ozone PES. In the same conditions the model ((4)- (7)) has the 2D minimum in (r 0 , r 0 ) whereas the minima in the dissociation channels are equal to d mep , which can be adjusted to the minimum of the diatomic O 2 ( 3 − g ) fragment. The stretching MEP is thus qualitatively correct and symmetric under the r 1 → ← r 2 permutation.
The term h(r 1 , r 2 ) in the model (3) is a double-hump stretching function
which is designed to account for an eventual reef structure at the TS path or for flat PES regions where the convexity of the surface could change. The constant h 0 is chosen in a way to keep the 2D equilibrium (r 0 , r 0 ) of the first PES term S(r 1 , r 2 ) unaltered. Function (8) has a stationary point in (r 0 , r 0 ) that determines the value of the C (i) constant. Both inner and outer humps have the same Gaussian radial form
where d 0 and q are parameters, while d(r 1 , r 2 ) = (r 1 ) 4 + (r 2 ) 4 is the distance measure between (r 1 , r 2 ) and the origin (r 1 = 0, r 2 = 0).
The bending part of the PES, as well as bend-stretch and stretch-stretch corrections are described by last two terms in Eq. (3). The third part is a polynomial in bond displacements and cosines of angles
multiplied by a damping Gaussian function
− g ss ((r 1 − r 0 ) 2 (r 2 − r 0 ) 2 )).
This factor suppresses a non-physical behavior of a polynomial at large internuclear distances in a way that PES asymptotes are determined by the S(r 1 , r 2 ) term. Equations (10) and (11) are similar to those used by Partridge and Schwenke 60 except for the last term in Eq. (11) which helps to emphasize or de-emphasize the damping along the symmetric stretch coordinate. Finally, we added an angular term
multiplied by the damping factor G (a) (r 1 , r 2 ) which has the same form as Eq. (11) ss . A combination of these differently damped terms is useful because the angular PES dependence is quite different in the bottom of the C 2V well and at large distances.
V. FIT OF THE SURFACES TO AB INITIO POINTS
As already stated in Sec. III we constructed in this work two versions of the ozone ground electronic state PES by combining best available ab initio calculations: one with the "reef" structure on the TS path (R_PES) and another one without the reef feature by accounting for Dawes 2D corrections (NR_PES). Appropriate sets of points and corrections were used for these purposes. In the spectroscopically accessible range up to the TS (r < 4.5 a.u.) the most accurate 3D calculation were obtained with the ansatz a1 as explained in Secs. II and III. On the way to the dissociation this was completed by a grid of points computed with a5 ansatz providing more stable convergence at large distances. In the boundary regions we have computed points with both ansätze. This allowed us smoothing the surface by matching a5 calculations continuously to more accurate a1 values (for example, at the reef barrier the shift was only 4 cm −1 between 8807 cm −1
(a1) and 8811 cm −1 (a5) at r 1 = 2.28 a.u., r 2 = 3.9 a.u., and A = 117
• with AV5Z basis set). Once again this a5/a1 smoothing which occurs at large distances does not have any effect on spectroscopically observed bands.
For the R_PES we start by using ic-MRCI_AV5Z_a1 ab initio values in the main potential well. This is because X = 5 calculations are the most representative (1950 points) and because stretching harmonic frequencies ω 1 (X = 5) and ω 3 (X = 5) are the closest ones to the empirical values ( Figure 2 , Table I ). In order to provide a more realistic dissociation limit for the surface we have proceeded by the CBS(5,6) extrapolation of a5 points beyond the TS range (r > 5.5 a.u.) with a smoothing interval (4.5 < r < 5.5 a.u.). This procedure does not modify the reef with the submerged barrier on the MEP at r = 3.9 a.u. followed by the vdW minimum at r ∼ 4.5 a.u. and gives the limit D e = 9164 cm −1 (evaluated at r = 12 a.u.) which is to be compared with experimental determinations D Figures 4(a) -4(f) with the reef structure clearly visible: a1 ab initio points in red dots and a5 points in green diamonds.
If we proceed with the CBS(5,6) point-by-point extrapolations in the spectroscopically accessible range the stretching vibrational levels would be very much overestimated as follows from Figures 2(a) and 2(b) . For this reason at the first step of the R_PES construction we did not do the extrapolation in this way. This hybrid sample of ab initio points was used to fit the parameters of the R_PES using the model described in Sec. IV. The RMS deviations of the fit are given in TABLE II. Root-mean-square deviations of the PES fit to ab initio points using the analytical model ( (3)- (12) Table II and the scatter of (ab initio -fitted) points is shown in Figures 7(a)-7(d) .
In order to build the NR_PES we applied to our best ab initio 3D PES the 2D stretching corrections which are due to the improved method of calculations in the TS range described by Dawes et al. 9 Initially, for the reasons explained above, we started with the same sample of a1/a5 points using very dense and representative grid of ic-MRCI_AV5Z values. The Dawes MEP cut has been computed at the ic-MRCI_AVTZ and ic-MRCI_AVQZ levels but with subsequent CBS(T,Q) extrapolations. For the consistency with this data we also made, as a first step, the stretching CBS extrapolation on the same MEP though at the CBS(5,6) level. This gave the reef barrier height of 9022 cm −1 at r 1 = 3.9 a.u. and r 2 = 2.28 a.u. and consequently too high ω 1 (CBS) and ω 3 (CBS). Then in a similar way we applied Dawes correction calculated as the difference between our initial PES and the Dawes result on the 1D MEP with subsequent symmetrisation r 1 → ← r 2 leading to a simple 2D stretching correction
, r 2 ) (13) which were interpolated to the equilibrium bond length. Here r * i corresponds to the optimized value (d mep ) of the diatomic bond length on the MEP. The resulting points were fitted with the 3D surface model ( (3)- (12)), the RMS deviations being given in Figures 7(a)-7(d) and in Table II . With this latter contribution (13) the reef barrier disappears, the corresponding MEP curve being shown in the right-hand side panels of Figure 4 .
As shown in Sec. III, with the AV5Z basis the bending harmonic frequency ω 2 was underestimated. To improve bending vibration levels we applied the CBS (5,6) (5, 6)). This provides a very small "contraction" of the bending PES cut in the main potential well. Indeed, by fitting AV5Z points in this range up to 5500 cm −1 with a simple polynomial (10) we obtain C 002 = 33431.72. Thus a relative CBS bending correction is only C 002 /C 002 = 0.0095 that is less than 1%. This approach is much simpler than a point-by-points extrapolation and also gives better statistically determined PES parameters because N points /N parameters ∼ 10 for the dense grid of AV5Z calculations, whereas this ratio would be considerably lower for expensive AV6Z points (see Figure 1) .
The comparison of two surfaces near the TS range is given in Figures 8(a)-8(d) which also shows the MEP and the surface agreement with ab initio electronic energies. The reef structure (submerged barrier followed by vdW shallow well) is clearly seen at the left-hand panels 8(a), 8(c) for the R_PES, whereas the NR_PES does not show these features.
The projections of the PESs on the r 1 /r 2 plane and on the r/θ plane including the corresponding grids of ab initio points and contour plots (distinguished by colours indicated at the right-hand scale) are given in Figure 9 .
The shape of the analytical PES representation for the stretch-bend cut in the main C 2V well and for larger internuclear distances up to 6 a.u. is given in Figure 10 , which also shows a very good agreement with ab initio values. Finally, the global stretching NR_PES shape for θ = 117
• in the (s3) sector is illustrated in Figure 11 , which shows both the main C 2V well, dissociation channels along the MES, corresponding to O 2 equilibrium distance ∼2.28 a.u., and also asymptotic range with large r 1 and r 2 bond lengths. Figures 9-12 give a bird's-eye view on the surfaces; the distinctions between two versions of the PES are not visible on this scale.
In order to assure a physically correct PES behaviour beyond the main well and beyond the dissociation channels we have also included in the fit additional points obtained from SSB spline PES 20, 21 by appropriate energy shifts. These auxiliary "outer" points shown with gray cycles in Figures 9 and 11 correspond to energies higher than 14 000 cm −1 much above D e . They were included in the fit with very low weight ∼0.001 with respect to our ab initio calculations and thus do not affect the shape of the PES in the ranges important for spectroscopy and dynamics. The energy shifts for these outer points were obtained by matching the SSB spline PES to our ab initio values in the range 8000-15000 cm −1 in order to assure a smooth PES shaping at higher energies. As our potential well is more profound than that of SSB, 20 , 21 these auxiliary points were pushed up in average by 800-2000 cm −1 . Care has been taken to keep the PES "hole"-free during the fit that is to reject parameter variations which would cause the creation of spurious minima. This was done using the "flexible constraint" approach described in the previous works 36, 37 which allows one preventing the formation of spurious minima in the ranges of very small distances or small angles were ab initio points were sparse or absent. Note that r 0 and θ 0 parameters involved in Eqs. (3)- (11) do not exactly coincide with the C 2V equilibrium geometry (r e , θ e ) if linear terms C 100 and C 001 of Eq. (10) are included in the PES fit. Our ab initio equilibrium geometry for the NR_PES is r e = 2.4095 a.u. and θ e = 116.78
• which agree well with empirically determined values r e = 2.4052 a.u. and θ e = 116.75
• of Refs. 36 and 37. All the PES values quoted in Table I and in text were given with respect to the energy E 0 = U(r 1 = r 2 = 2.4 a.u., θ = 117
• ) of the reference nuclear configuration which is the closest geometry to the exact equilibrium among the grid points. The PES value U(r e , r e , θ e ) in the exact equilibrium configuration is below the reference E 0 grid value by 9.77 cm −1 . Consequently, our CBS(5,6) dissociation limit is D e = 9165 cm −1 . The parameters of both surfaces, R_PES and NR_PES, are given in the supplementary material (Appendices A1 and A2).
VI. VARIATIONAL AND DVR CALCULATIONS FOR NUCLEAR MOTION BOUND STATES
There exist various implementations of global methods of calculations of nuclear motion bound states which are particularly important for applications in molecular spectroscopy. A common feature is a numerical solution of the quantum mechanical eigenvalue problem for the nuclear motion Hamiltonian depending on 3N − 3 suitably chosen   FIG. 12. 4D representation of the global shape of the NR_PES. rovibrational coordinates. A variational approach (see Refs. 60-75, and references therein) with basis optimization and matrix truncation-compression technique is usually applied. A discrete variable representation (DVR) [103] [104] [105] [106] and filter-digitalization 107, 108 techniques aimed at improvement of a basis convergence for high-energy range are also widely used. Global methods offer complementary possibilities as compared to traditional band-by-band or polyad-by-polyad effective Hamiltonian models.
In order to compute vibration-rotation energies with the exact kinetic energy (EKE) Hamiltonian, we use the methods and computer codes in the same way as described in previous papers on global calculations for the ozone molecule (see Refs. 36-38 for more details). In order to confirm the results by two independent EKE-methods, we have performed calculations both with the DVR and variational methods which we were able to converge to nearly the same values at least up to 7500 cm −1 above the zero-point energy. After having checked the convergence of calculations with three nuclear motion basis sets up to the matrix dimension of the secular problem 17000*17000 in the DVR calculation we estimated that vibrational levels were converged to 0.01 cm −1 or better for E < 5000 cm −1 and to 0.1 cm −1 or better for E < 8000 cm −1 .
VII. VIBRATION BAND CENTRES PREDICTIONS AND COMPARISON WITH EXPERIMENTAL DATA
It is well known 55 that for C 2V ozone species containing 16 O oxygen isotope only rovibrational states of A 1 and A 2 symmetry types are allowed by nuclear spin statistics. Here we use the standard definitions of molecular axes for the I r representation and the symmetry operations of C 2V point group traditionally adopted in ozone spectroscopy: 55 A 1 , A 2 irreducible representations being symmetric with respect to C 2 axis and A 2 being anti-symmetric with respect to the molecular plane. Consequently the nuclear spin statistical weight is zero for J = 0 levels of B 1 -type vibration states of 16 O 3 . However, in experimental spectra analyses a centre of the corresponding symmetry allowed rovibrational band is traditionally reported in the literature [13] [14] [15] [16] [17] [18] [19] and defined as J → 0 limit of rovibrational upper state levels. This limit could be experimentally determined from spectra by following transition series in P, Q or R branches in a sufficiently large range of J, K a values.
For this reason it is instructive to calculate theoretical values for the band centres. The values for the centres of bands (N = 0, A 1 ) → (N, ) computed with exact kinetic energy operator and the DVR method using our ab initio NR_PES are summarised in Table III. Here N and N are global vibration ranking numbers for the low and upper states according to increasing energy, is a vibration symmetry type of the upper vibrations state and (N = 0, A 1 ) stands for the ground vibration state.
Predictions with NR_PES are in excellent agreement (Table IV) with all experimentally available 16 O 3 band centers which have been obtained up to now from analyses of highresolution ozone spectra. [13] [14] [15] [16] [17] [18] [19] For each observed band we give in Table IV ab Though ozone, as an asymmetric top molecule in the main potential well, does not have symmetry forbidden rovibrational bands, many transitions in high wavenumber ranges remain too weak to be observed or assigned in current absorption spectroscopy experiments. However, some limited information on the corresponding band centres could be implicitly deduced from spectra analyses via analyses of resonance perturbations of observed transitions (Barbe et al. [14] [15] [16] [17] [18] [19] ). Upper vibration states for such perturbers are usually called "dark" states. Some other bands (corresponding mostly to symmetric stretch vibrations) have been observed with Raman spectroscopy experiments under low resolution by Chang et al. 140 In Table V we collected information on these bands centres, were "D" in the 3rd column stands for dark upper states in high-resolution ro-vibration spectra analyses and "L" for low resolution Raman experiments, which have not been rotationally resolved.
According to estimations of original analyses of the corresponding experimental data (references listed in 7th column of Table V ) the determinations of band centres were much less accurate than in the case of directly observed rotationally resolved bands in high-resolution spectra (Table IV). The experimental accuracy of band centres included in Table V was estimated 19, 55, 140 in average as 1-3 cm −1 . Our ab initio calculations are globally within the experimental accuracy for these bands: the RMS deviations is 1.9 cm −1 for atomic masses and 1.7 cm −1 for nuclear masses, mean deviations being of 0.9 cm −1 and 0.1 cm
A more detailed comparison of all band centres both with atomic and nuclear masses up to 8000 cm −1 calculated using NR_PES is given in the supplementary material 141 (Appendix A3). The lowest J = 1 rovibrational levels of A 1 symmetry type allowed by spin statistics for B 1 -type vibrations are given in Appendix A4.
The R_PES version appeared to be less successful as far as vibrational predictions are concerned as the errors in vibrational energies were much more significant. In contrast to the NR_PES discussed above the RMS error of vibrational band centers in case of the R_PES version exceeds 9 cm −1 both with atomic and with nuclear masses already for the range below 6000 cm −1 , the errors being larger for higher energy range that makes some assignments uncertain. The corresponding calculations are given in Appendix A5 of the supplementary material.
141

VIII. DISCUSSION
In this work we explored the impact of the oxygen basis set and of the shape of the ozone PES near TS towards the dissociation on vibration band centres via first principle calculations. New analytical PES model ( (3)- (12)) is proposed that allows precise fit of ab initio points up to high energies near the dissociation threshold. In the currently accessible ranges of spectroscopic experiments (r ≤ 4.5 a.u.) the RMS deviations for the fit of our ab initio points was only 0.17 cm −1 up to E max = 8000 cm −1 and 0.72 cm −1 up to E max = 10 000 cm −1 (Table II) nuclear masses calculations; vibration normal mode labels are due to original spectra analyses with some revisions. 19 PES underestimates the most recent experimental determination for the ozone dissociation threshold by only 0.6%. Two full dimensional ab initio versions of the ozone PES were built in this work: one (R_PES) with the submerged reef structure on the TS towards the dissociation and another one without the reef barrier (NR_PES). The construction of the PESs described in Secs. III-V can be summarised as follows. First, we have computed ab initio GS electronic energies on a dense grids of points using ic-MRCI/AVXZ method (a1 and a5 ansätze) for X = 3, 4, 5, 6 as well as for CBS limit; in these calculations the orbitals have been obtained considering only the ground electronic state. As most of the previous ozone electronic structures studies, these a1 and a5 calculations showed "reef" structures at the TS towards the dissociation. From these calculations we deduced ab initio harmonic frequencies and plotted their behavior against the increasing cardinal number X in Fig. 2 which were compared with empirical harmonic frequencies in Fig. 2 and also in Table I . Unexpected conclusion of this comparison was that one could not improve vibrational predictions in the "spectroscopically accessible PES range" just by increasing the cardinal number of the basis set over X = 5; in fact the results get worse if X > 5 is used. Therefore, we have constructed first a "hybrid" R_PES in a following way: around main PES well inside the "spectroscopically accessible range" we used the results of calculations with X = 5, and beyond this range we used CBS(5,6) extrapolation in order to provide a correct dissociation threshold. A smoothing procedure of these two sets of points gave the R_PES. Since both ansätze a1 and a5 show the reef TS structure, R_PES shows the same. Still, this PES and related vibrational predictions (see the supplementary material, 141 Appendices A2 and A5) correspond to the higher level of ab initio calculations with respect to previous publications.
However, this procedure was not conceptually satisfactory in view of Figs. 2 and 3 and Table I and we were looking for a more consistent solution. The comparisons given in Figs. 2 and 3 as well as in Table I show a clear correlation between the stretching harmonic frequencies and the height of the reef structure barrier (B). This suggested that the major issue is a more realistic PES description of the TS "reef region."
To this end we have used the recent finding by Dawes et al. 9 that an inclusion of several electronic states in the ic-MRCI procedure influences the shape of the ground state PES near the TS (Sec. III), though their work was limited to 2D points. We have thus accounted for their 2D modification of the PES shape near the TS using a simple symmetrized stretching 2D correction to our best 3D PES according to Eq. (13) . This resulted in new full dimensional NR_PES without a reef structure (Secs. III-V). For this PES version both our and Dawes et al. 9 calculations were carried out at complete basis set limits: CBS(5,6) in our case and CBS(T,Q) in Ref. 9 . Consequently, we consider our NR_PES combining these calculations as a more consistent one. Contrary to the initial version of calculations (Figs. 2(b) and 2(c) and Table I ), for this 3D NR_PES we do not have any more contradictions with experimental frequencies at X → ∞ because the correction (13) removing the reef structure also makes the stretching PES cut more shallow (Fig. 4(f) ), thus stretching frequencies are no more overestimated. As the 2D correction (13) is not angular dependent, this does not significantly modify bending frequencies which benefit from the extrapolation ω 2 → ω 2 (CBS(5,6)) by increasing their values (Fig. 2(a) ) as discussed in Sec. V.
As a result of this work we provide both "reef" version and "non-reef" version of the PES (given in the supplementary material 141 ) for the further ozone studies. Both versions of the PES have right asymptotic behaviour for r 1 , r 2 → ∞ in each of (S i ) sectors, Eq. (2). Figures 6, 9, and 11 show that our PES model assures non-additivity property for the ozone fragmentation (Sec. V) and a correct form of the MEP. Figure 10 confirms that shapes for both our analytical PESs are consistent with the previous finding by Schinke et al. 1, 20, 21 that the ozone TS is quite tight and the PES suddenly opens with respect to the angular coordinates just after the critical MEP region of r > 4-5 a.u. The RMS deviations for the fit of our ab initio points for large internuclear distances given in Table II prove that our model is quantitatively correct in the dissociation channels at least for the energies relevant for the low temperature and room temperature kinetics in (S i ) sections of the nuclear coordinate space. The 4D representation (r 1 , r 2 , θ , U) for the bird's-eye view of the PES is given in Figure 12 . An application of these PESs for dynamical calculation could be thus instructive to further investigate an eventual role of the reef barrier on the rate coefficients.
As far as spectroscopy applications are concerned our vibrational predictions suggest that NR_PES version would be preferable. For the first time this version of ab initio PES gives the RMS deviation below 1 cm −1 between firstprinciple calculations and all available experimental data for vibration-rotation band centers observed in high-resolution spectra up to ∼90% of the dissociation threshold. The average error is only 0.38 cm −1 (calculations with atomic masses) or 0.20 cm −1 (calculations with nuclear masses) that represents a drastic improvement with respect to other recent ab initio calculations. 142, 143 For dark vibrational states and low resolution Raman bands our ab initio predictions are in average within the margins of experimental errors.
To our knowledge this level of accuracy of ab initio calculations was obtained for the first time for a molecule with such a complicated electronic structure. This conclusion has to be confirmed by more experimental results on very highly excited spectral transitions reaching the energies comparable with those of the TS range. Such studies requiring extremely sensitive methods for measuring very weak lines represent a formidable challenge for experimental spectroscopy and spectra analyses. We hope that our vibrational predictions of Table IV (completed by Appendices A3 and A4 given in the supplementary material 141 ) could help analysing very complicated CRDS laser spectra currently in progress [13] [14] [15] [16] [17] [18] [19] in the spectral range up to 8000 cm −1 . From the theoretical chemistry point of view, the approach used to build the NR_PES employed very accurate methodology: first, it was based on extrapolations to CBS limit therefore error due the one-electron basis should be very small; second, applying the corrections from Dawes' calculation, some of the shortcomings of the ic-MRCI procedure has also been corrected. Still, as in case of the PESs for other molecules with complicated electronic structure, the theoretical procedure includes several approximations. In a previous work 33 we have studied some of these: the effect of corevalence correlations on a limited set of points as well as of atomic spin-orbit effect at very large r (with the zero-field splitting of the oxygen atom contributing about 78 cm −1 to the dissociation limit) this was not yet included in our fulldimensional PESs. Also the 2D correction (13) was constructed from simple valence 1D cuts 9 interpolated to the equilibrium range. All these approximations could explain small remaining errors for vibrational levels. We plan a further extension of this study in the following directions. The analytical PES representation ( (3)- (12)) is valid only in each of (s1), (s2), (s3) sectors of the coordinate space in the range of O −Õ − O angles between 85
• and 170
• excluding the ring D 3h structure near r 1 ∼ r 2 ∼ r 3 ∼ 2.72 a.u. A global PES appropriate for isotopic exchange reactions could be built from our 3D results by cyclic r i → r j → r k symmetry permutations with smoothing the barriers among the (s1), (s2), (s3) sectors. We hope that new PES will allow more accurate study of the intra-molecular energy transfer and energy localisation phenomena related to various bifurcations and couplings of vibration-rotation modes. 8, [144] [145] [146] Other important applications are related to more reliable predictions of metastable ozone states above the dissociation limit in order to find the ground electronic "doorway" states for the dissociation from the first excited electronic state. 18 This would require a non-trivial study for the vibrational basis convergence. Finally, the role of mass dependent corrections beyond the Born-Oppenheimer approximation will be considered as accurate calculations of vibration-rotation levels for various ozone isotopologues could be relevant for the understanding of the puzzling issues of isotopic ozone anomalies. [1] [2] [3] [4] [5] [6] [7] 
